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The Standard Model Higgs Potential
 
 
 
 
 
 

• Fix the two parameters             with two observables             . 

• Predictions:
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Testing the SM Higgs Potential
• Measure di-Higgs (tri-Higgs?) production to probe      (     ): 
 
 
 
 
 
 
 
 
 

• Must be part of a global fit to Higgs couplings, requires high SM precision!
[de Blas et al. 1905.03764]

<latexit sha1_base64="bkxP3nvxwt3/6qSpv5Qt30nE3t8=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsz4QJcFN+Kqgn1gO5Q7mbQNzWSGJCOUoX/hxoUibv0bd/6NaTsLbT0QOJxzLrn3BIng2rjut1NYWV1b3yhulra2d3b3yvsHTR2nirIGjUWs2gFqJrhkDcONYO1EMYwCwVrB6Gbqt56Y0jyWD2acMD/CgeR9TtFY6bErbDTE3jnplStu1Z2BLBMvJxXIUe+Vv7phTNOISUMFat3x3MT4GSrDqWCTUjfVLEE6wgHrWCoxYtrPZhtPyIlVQtKPlX3SkJn6eyLDSOtxFNhkhGaoF72p+J/XSU3/2s+4TFLDJJ1/1E8FMTGZnk9Crhg1YmwJUsXtroQOUSE1tqSSLcFbPHmZNM+q3mXVvb+o1O7yOopwBMdwCh5cQQ1uoQ4NoCDhGV7hzdHOi/PufMyjBSefOYQ/cD5/AMZUkFk=</latexit>
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�4 [talk by M. Selvaggi]

[e.g. Di Vita, Grojean, Riembau, Vantalon 1704.01953]
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Testing the SM Higgs Potential
• Look for NLO effects of      in single Higgs production: 
 
 
 
 
 
 
 
 
 

[McCullough 1312.3322;  Maltoni, Pagani, Shivaji, Zhao 1709.08649]

<latexit sha1_base64="16qWQ7xKH5qWeAla5rFpgh6EeZ4=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqsz4QJcFN+Kqgn1IO5RMJtOGJpkhyQhl6Fe4caGIWz/HnX9jOp2Fth4IHM45l9x7goQzbVz32ymtrK6tb5Q3K1vbO7t71f2Dto5TRWiLxDxW3QBrypmkLcMMp91EUSwCTjvB+Gbmd56o0iyWD2aSUF/goWQRI9hY6bHPbTTEg/NBtebW3RxomXgFqUGB5qD61Q9jkgoqDeFY657nJsbPsDKMcDqt9FNNE0zGeEh7lkosqPazfOEpOrFKiKJY2ScNytXfExkWWk9EYJMCm5Fe9Gbif14vNdG1nzGZpIZKMv8oSjkyMZpdj0KmKDF8YgkmitldERlhhYmxHVVsCd7iycukfVb3Luvu/UWtcVfUUYYjOIZT8OAKGnALTWgBAQHP8ApvjnJenHfnYx4tOcXMIfyB8/kDbZGQLw==</latexit>
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Testing the SM Higgs Potential
• Look for effects of      in precision electroweak observables:

<latexit sha1_base64="16qWQ7xKH5qWeAla5rFpgh6EeZ4=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqsz4QJcFN+Kqgn1IO5RMJtOGJpkhyQhl6Fe4caGIWz/HnX9jOp2Fth4IHM45l9x7goQzbVz32ymtrK6tb5Q3K1vbO7t71f2Dto5TRWiLxDxW3QBrypmkLcMMp91EUSwCTjvB+Gbmd56o0iyWD2aSUF/goWQRI9hY6bHPbTTEg/NBtebW3RxomXgFqUGB5qD61Q9jkgoqDeFY657nJsbPsDKMcDqt9FNNE0zGeEh7lkosqPazfOEpOrFKiKJY2ScNytXfExkWWk9EYJMCm5Fe9Gbif14vNdG1nzGZpIZKMv8oSjkyMZpdj0KmKDF8YgkmitldERlhhYmxHVVsCd7iycukfVb3Luvu/UWtcVfUUYYjOIZT8OAKGnALTWgBAQHP8ApvjnJenHfnYx4tOcXMIfyB8/kDbZGQLw==</latexit>
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[Degrassi, Fedele, Giardino 1702.01737; Kribs, Maier, Rzehak, Spannowsky, Waite 1702.07678]
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Higgs Potential Beyond the SM
• Heavy new physics can yield effective operators that modify the potential. 
 
 
 
 
 
 
 
 
 
 

• Note:       also modifies hhVV couplings!

[e.g. Giudice, Grojean, Pomarol, Rattazzi hep-ph/0703164; Brivio, Trott  1706.08945]
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Higgs Potential Beyond the SM
• Higgs mixing with other fields or new sources of EWSB can too. 
 
e.g. 

 
 

<latexit sha1_base64="wssNjtm+ocJ0OK1CPGH14zW15Bg="></latexit>
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[Gupta, Rzehak, Wells 1305.6397]
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Higgs Potential in the Early Universe
• Thermal effective potential: 
 
 
 
 
 
 
 
 
 
 
 
 
→ electroweak phase transition (EWPT)

Veff Τ >> µ

Τ << µ

φ
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Electroweak Phase Transition
• SM: the electroweak phase transition is a smooth crossover. 

• BSM: the EWPT can be strongly first order if new physics couples to the Higgs. 
 
 
 
 
 
 
 

• A strong first-order EWPT can allow baryogenesis or make gravitational waves! 
[e.g. Shaposhnikov NPB287, 575; Kamionkowski, Kosowsky, Turner astro-ph/9310044; 
         Cohen, Kaplan, Nelson hep-ph/9302210; Grojean, Servant hep-ph/0607107, LOIs by Carena et al.]
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[Kajantie et al. hep-lat/9510020]
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A First Order EWPT
• Requires new physics that couples to the Higgs. 

• SM-charged new physics ⇒ modified Higgs production and decay rates. 
e.g. gluon fusion rates rule out a SFO EWPT from light stops in the MSSM 

• SM-singlet new physics - main effect can be to alter the self-coupling     . 

• Higgs-singlet portal: 

• SMEFT operator: 

[Cohen, DM, Pierce 1203.2924; Curtin, Jaiswal, Meade 1203.2932]

<latexit sha1_base64="rEB8X0mRyMULpsQtSJDRahPnZfI=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsz4QJcFN11WsA9sh5LJZNrQTDIkGaEM/Qs3LhRx69+482/MtLPQ1gOBwznnkntPkHCmjet+O6W19Y3NrfJ2ZWd3b/+genjU0TJVhLaJ5FL1AqwpZ4K2DTOc9hJFcRxw2g0md7nffaJKMykezDShfoxHgkWMYGOlxwG30RAPLyvDas2tu3OgVeIVpAYFWsPq1yCUJI2pMIRjrfuemxg/w8owwumsMkg1TTCZ4BHtWypwTLWfzTeeoTOrhCiSyj5h0Fz9PZHhWOtpHNhkjM1YL3u5+J/XT01062dMJKmhgiw+ilKOjET5+ShkihLDp5ZgopjdFZExVpgYW1Jegrd88irpXNS967p7f1VrNIs6ynACp3AOHtxAA5rQgjYQEPAMr/DmaOfFeXc+FtGSU8wcwx84nz+kYpBB</latexit>
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[Noble, Perelstein 0711.3018; 
Profumo, Ramsey-Musolf, 

 Wainwright, Winslow 1407.5342; 
 Curtin, Meade, Yu 1409.0005]

[Grojean, Servant, Wells hep-ph/0407019; 
Noble, Perelstein 0711.3018]
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A First Order EWPT with Singlet
• For the Higgs-singlet portal: 

<latexit sha1_base64="L6bq/41jVxL+pYGhKXJIQ44rDvQ=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovgQkpSFF0W3ARXldoHNGmYTCbp0MmDmYlQQldu/BU3LhRx6ze482+ctllo64GBwznncuceL2VUSMP41korq2vrG+XNytb2zu6evn/QEUnGMWnjhCW85yFBGI1JW1LJSC/lBEUeI11vdDP1uw+EC5rE93KcEidCYUwDipFUkqsf20yFfeTmVmtin7cGdWuQ2z4KQ8InlqtXjZoxA1wmZkGqoEDT1b9sP8FZRGKJGRKibxqpdHLEJcWMTCp2JkiK8AiFpK9ojCIinHx2xgSeKsWHQcLViyWcqb8nchQJMY48lYyQHIpFbyr+5/UzGVw7OY3TTJIYzxcFGYMygdNOoE85wZKNFUGYU/VXiIeIIyxVcxVVgrl48jLp1GvmZc24u6g2bos6yuAInIAzYIIr0AAWaII2wOARPINX8KY9aS/au/Yxj5a0YuYQ/IH2+QOlLJif</latexit>
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[Curtin, Meade, Yu 1409.0005; Kotwal, Ramsey-Musolf, No, Winslow 1605.06123; 
Huang, Long, Wang 1608.06619; Beniwal, Lewicki, Wells, White, Williams 1702.06124]
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FOPT

Gravitational Wave Signals



12

(Higgs) Potential Questions
• Lots, but wait for the talk by Michele Selvaggi!
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The Standard Model Higgs Potential

hierarchy 
problem

Higgs 
metastability

<latexit sha1_base64="qBfi956qQqhqG5Eg3tFp6qZm0x4=">AAACIXicbVDLSsNAFJ3UV62vqEs3g0WoqCUpit0IBTddVrEPaNIymUzaoZMHMxOhhPyKG3/FjQtFuhN/xmmbRW09cOFwzr135h4nYlRIw/jWcmvrG5tb+e3Czu7e/oF+eNQSYcwxaeKQhbzjIEEYDUhTUslIJ+IE+Q4jbWd0P/Xbz4QLGgZPchwR20eDgHoUI6mkvl5tQQveqbqy/LhXqfcSy0WDAeFpHV7AxGJqlYtS67K0aJ33Kn29aJSNGeAqMTNSBBkafX1iuSGOfRJIzJAQXdOIpJ0gLilmJC1YsSARwiM0IF1FA+QTYSezC1N4phQXeiFXFUg4UxcnEuQLMfYd1ekjORTL3lT8z+vG0qvaCQ2iWJIAzx/yYgZlCKdxQZdygiUbK4Iwp+qvEA8RR1iqUAsqBHP55FXSqpTNm7LxcF2sPWZx5MEJOAUlYIJbUAN10ABNgMELeAMf4FN71d61L20yb81p2cwx+APt5xfdhKGW</latexit>
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[KC Green, gunshowcomic.com]

http://gunshowcomic.com
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(Higgs) Potential Questions
• What can we learn about new physics from Higgs couplings? 

• A strongly first-order EWPT requires new physics coupling to the Higgs: 

• What does this imply generically for di-Higgs rates? 

• Does it imply a minimum deviation pattern in Higgs couplings? 

• How does the reach of Higgs coupling measurements compare to other 
direct and indirect probes? 
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Higgs Potential Beyond the SM
• Note 1: extractions of     are sensitive to other deviations in Higgs 

couplings as well as uncertainties in SM parameters. 

• Note 2: some BSM scenarios can even interfere with the full realization of 
electroweak symmetry at high temperature.  

• Note 3: in Higgs-singlet scenarios with a first-order EWPT, finding the new 
(mostly) singlet scalar might be easier than measuring Higgs rates.  

<latexit sha1_base64="rEB8X0mRyMULpsQtSJDRahPnZfI=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsz4QJcFN11WsA9sh5LJZNrQTDIkGaEM/Qs3LhRx69+482/MtLPQ1gOBwznnkntPkHCmjet+O6W19Y3NrfJ2ZWd3b/+genjU0TJVhLaJ5FL1AqwpZ4K2DTOc9hJFcRxw2g0md7nffaJKMykezDShfoxHgkWMYGOlxwG30RAPLyvDas2tu3OgVeIVpAYFWsPq1yCUJI2pMIRjrfuemxg/w8owwumsMkg1TTCZ4BHtWypwTLWfzTeeoTOrhCiSyj5h0Fz9PZHhWOtpHNhkjM1YL3u5+J/XT01062dMJKmhgiw+ilKOjET5+ShkihLDp5ZgopjdFZExVpgYW1Jegrd88irpXNS967p7f1VrNIs6ynACp3AOHtxAA5rQgjYQEPAMr/DmaOfFeXc+FtGSU8wcwx84nz+kYpBB</latexit>
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<latexit sha1_base64="J742vOGgXkzfslqUs9aQUXWnpYE=">AAACAHicbVA7T8MwGHR4lvIKMDCwWFRIhaFKKhCMlVg6Fok+pDZEjus0Vh3Hsh2kKsrCX2FhACFWfgYb/wa3zQAtJ1k6332f7LtAMKq043xbK6tr6xubpa3y9s7u3r59cNhRSSoxaeOEJbIXIEUY5aStqWakJyRBccBINxjfTv3uI5GKJvxeTwTxYjTiNKQYaSP59rEQcKATGPn1h6x6cZ7Pb5FvV5yaMwNcJm5BKqBAy7e/BsMEpzHhGjOkVN91hPYyJDXFjOTlQaqIQHiMRqRvKEcxUV42C5DDM6MMYZhIc7iGM/X3RoZipSZxYCZjpCO16E3F/7x+qsMbL6NcpJpwPH8oTBk0GadtwCGVBGs2MQRhSc1fIY6QRFibzsqmBHcx8jLp1GvuVc25u6w0mkUdJXACTkEVuOAaNEATtEAbYJCDZ/AK3qwn68V6tz7moytWsXME/sD6/AF/i5UT</latexit>

pp ! h(⇤)
2 ! hh

[Kotwal, Ramsey-Musolf, No, Winslow 1605.06123; 
Papaefstathiou, White 2010.00597]

[e.g. Meade, Ramani 1807.07578; 
 Baldes, Servant 1807.08770]
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A First-Order EWPT with 𝒪6 and More
• With d = 6, 8… Higgs operators:

complete one-loop potential
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[Grojean, Servant, Wells hep-ph/0407019; 
 Delaunay, Grojean, Wells 0711.2511]

FOPT

<latexit sha1_base64="3xGbpcC+s4D3HwQgzAh9Lkw5jh8="></latexit>

c6

⇤2
(H†

H)3 +
c8

⇤2
(H†

H)8 + . . .

[Huang, Joglekar, Li, Wagner 1512.00068]

<latexit sha1_base64="yFrnXXViWirehqLFkWd9XsZYx1w=">AAAB7nicbVBNS8NAFHypX7V+VT16WSyCp5KIoseiFw8eKlhbaEPZbDbt0s0m7L4IJfRHePGgiFd/jzf/jds2B20dWBhm5rHvTZBKYdB1v53Syura+kZ5s7K1vbO7V90/eDRJphlvsUQmuhNQw6VQvIUCJe+kmtM4kLwdjG6mfvuJayMS9YDjlPsxHSgRCUbRSu3enY2GtF+tuXV3BrJMvILUoECzX/3qhQnLYq6QSWpM13NT9HOqUTDJJ5VeZnhK2YgOeNdSRWNu/Hy27oScWCUkUaLtU0hm6u+JnMbGjOPAJmOKQ7PoTcX/vG6G0ZWfC5VmyBWbfxRlkmBCpreTUGjOUI4toUwLuythQ6opQ9tQxZbgLZ68TB7P6t5F3b0/rzWuizrKcATHcAoeXEIDbqEJLWAwgmd4hTcndV6cd+djHi05xcwh/IHz+QMM949h</latexit> ⇤

<latexit sha1_base64="81udwBTuAxE0buZYd1M2eEeNeIQ=">AAACAXicbVDLSsNAFL3xWesr6kZwM1gEVzXxga6k4MaNUNE+oI1hMpm0QycPZiZCCXXjr7hxoYhb/8Kdf+O0DaKtBwYO55zLnXu8hDOpLOvLmJmdm19YLCwVl1dW19bNjc26jFNBaI3EPBZND0vKWURriilOm4mgOPQ4bXi9i6HfuKdCsji6Vf2EOiHuRCxgBCstueZ2m+uwj92jgx92l91cDVyzZJWtEdA0sXNSghxV1/xs+zFJQxopwrGULdtKlJNhoRjhdFBsp5ImmPRwh7Y0jXBIpZONLhigPa34KIiFfpFCI/X3RIZDKfuhp5MhVl056Q3F/7xWqoIzJ2NRkioakfGiIOVIxWhYB/KZoETxviaYCKb/ikgXC0yULq2oS7AnT54m9cOyfVK2ro9LlfO8jgLswC7sgw2nUIFLqEINCDzAE7zAq/FoPBtvxvs4OmPkM1vwB8bHN6j+ll4=</latexit> �
3
/�

S
M

3

<latexit sha1_base64="QbdbNiGtZ/0jQEYQkUfnxtuecRs=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIr2XRjTsr2Ae0Q8mkmTY0yYxJplCGfocbF4q49WPc+Tdm2llo64HA4Zx7uScniDnTxnW/ncLK6tr6RnGztLW9s7tX3j9o6ihRhDZIxCPVDrCmnEnaMMxw2o4VxSLgtBWMbjO/NaZKs0g+mklMfYEHkoWMYGMlvyuwGRLM0/tp77JXrrhVdwa0TLycVCBHvVf+6vYjkggqDeFY647nxsZPsTKMcDotdRNNY0xGeEA7lkosqPbTWegpOrFKH4WRsk8aNFN/b6RYaD0RgZ3MQupFLxP/8zqJCa/9lMk4MVSS+aEw4chEKGsA9ZmixPCJJZgoZrMiMsQKE2N7KtkSvMUvL5PmWdW7qLoP55XaTV5HEY7gGE7BgyuowR3UoQEEnuAZXuHNGTsvzrvzMR8tOPnOIfyB8/kDvBSSEg==</latexit>

O6

<latexit sha1_base64="a2XBKKl7AsPiqGeP1MyHIvkbVBE=">AAACBnicbVDLSsNAFL2pr1pfUZciDBZBEEoiProsunFnBfuANoTJdNIOnTyYmQgldOXGX3HjQhG3foM7/8ZJm0VtPTBw5px7ufceL+ZMKsv6MQpLyyura8X10sbm1vaOubvXlFEiCG2QiEei7WFJOQtpQzHFaTsWFAcepy1veJP5rUcqJIvCBzWKqRPgfsh8RrDSkmsedgOsBgTz9G7sXqJTNPuvumbZqlgToEVi56QMOequ+d3tRSQJaKgIx1J2bCtWToqFYoTTcambSBpjMsR92tE0xAGVTjo5Y4yOtdJDfiT0CxWaqLMdKQ6kHAWersyWlPNeJv7ndRLlV52UhXGiaEimg/yEIxWhLBPUY4ISxUeaYCKY3hWRARaYKJ1cSYdgz5+8SJpnFfuiYt2fl2vXeRxFOIAjOAEbrqAGt1CHBhB4ghd4g3fj2Xg1PozPaWnByHv24Q+Mr19Ru5hi</latexit>

O6 +O8
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EW Symmetry Non-Restoration
• New physics can even impede EW symmetry restoration at high T! 

• For Ns copies of singlets: 

[Meade, Ramani 1807.07578; Baldes, Servant 1807.08770; Glioti, Rattazzi, Vecchi 1811.11740; LOI by Carena et al.]
<latexit sha1_base64="7jtQ1p2pq9tO1+l2TXReh2mSDF4=">AAACD3icbVC7SgNBFJ31GeNr1dJmMCg2ht2gaBmw2TIS84BsEmZnb5Ihsw9mZoWw7B/Y+Cs2ForY2tr5N06SLTTxwMDhnHu4c48XcyaVZX0bK6tr6xubha3i9s7u3r55cNiUUSIoNGjEI9H2iATOQmgopji0YwEk8Di0vPHt1G89gJAsCu/VJIZuQIYhGzBKlJb65lkTuzKJJSh84XKd80k/depZvVdxeqnrk+EQROb0zZJVtmbAy8TOSQnlqPXNL9ePaBJAqCgnUnZsK1bdlAjFKIes6CYSYkLHZAgdTUMSgOyms3syfKoVHw8ioV+o8Ez9nUhJIOUk8PRkQNRILnpT8T+vk6jBTTdlYZwoCOl80SDhWEV4Wg72mQCq+EQTQgXTf8V0RAShSldY1CXYiycvk2albF+VrbvLUtXJ6yigY3SCzpGNrlEVOaiGGoiiR/SMXtGb8WS8GO/Gx3x0xcgzR+gPjM8fQROcMg==</latexit>

V � ��HSS
2
H

†
H

[Meade, Ramani 1807.07578]

<latexit sha1_base64="Qyc8Z1n09lkrkW34VUhkpVX0T64=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqmTE10YpuHElFexD2qFk0kwbmmSGJCOUoV/hxoUibv0cd/6N6WOhrQcuHM65l3vvCRPBjcX428stLa+sruXXCxubW9s7xd29uolTTVmNxiLWzZAYJrhiNcutYM1EMyJDwRrh4GbsN56YNjxWD3aYsECSnuIRp8Q66fGuY9AVOse4UyzhMp4ALRJ/RkowQ7VT/Gp3Y5pKpiwVxJiWjxMbZERbTgUbFdqpYQmhA9JjLUcVkcwE2eTgETpyShdFsXalLJqovycyIo0ZytB1SmL7Zt4bi/95rdRGl0HGVZJapuh0UZQKZGM0/h51uWbUiqEjhGrubkW0TzSh1mVUcCH48y8vkvpJ2T8r4/vTUuV6FkceDuAQjsGHC6jALVShBhQkPMMrvHnae/HevY9pa86bzezDH3ifP7eijwc=</latexit>

Ns = 600

<latexit sha1_base64="+F98jikWIlsms7rGjdGeQAIIAOA=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCqyFTrLagUHDTZUX7gHYYMplMG5p5kGSEOvRL3LhQxK2f4s6/MW1HUNEDgcM553JvjpdwJhVCH0ZhZXVtfaO4Wdra3tktm3v7XRmngtAOiXks+h6WlLOIdhRTnPYTQXHocdrzJldzv3dHhWRxdKumCXVCPIpYwAhWWnLN8pDrsI/drHUzg5fQNSvIqtZQo44gstACmtSQ3TizoZ0rFZCj7ZrvQz8maUgjRTiWcmCjRDkZFooRTmelYSppgskEj+hA0wiHVDrZ4vAZPNaKD4NY6BcpuFC/T2Q4lHIaejoZYjWWv725+Jc3SFVQdzIWJamiEVkuClIOVQznLUCfCUoUn2qCiWD6VkjGWGCidFclXcLXT+H/pFu17JqFrk8rzYu8jiI4BEfgBNjgHDRBC7RBBxCQggfwBJ6Ne+PReDFel9GCkc8cgB8w3j4B7uaSmQ==</latexit>

�HS =


